Mammalian cells have three ATP-dependent DNA ligases, which are required for DNA replication and repair 1 . Homologues of ligase I (Lig1) and ligase IV (Lig4) are ubiquitous in Eukarya, whereas ligase III (Lig3), which has nuclear and mitochondrial forms, appears to be restricted to vertebrates. Lig3 is implicated in various DNA repair pathways with its partner protein Xrcc1 (ref. 1). Deletion of Lig3 results in early embryonic lethality in mice, as well as apparent cellular lethality 2 , which has precluded definitive characterization of Lig3 function. Here we used preemptive complementation to determine the viability requirement for Lig3 in mammalian cells and its requirement in DNA repair. Various forms of Lig3 were introduced stably into mouse embryonic stem (mES) cells containing a conditional allele of Lig3 that could be deleted with Cre recombinase. With this approach, we find that the mitochondrial, but not nuclear, Lig3 is required for cellular viability. Although the catalytic function of Lig3 is required, the zinc finger (ZnF) and BRCA1 carboxy (C)-terminal-related (BRCT) domains of Lig3 are not. Remarkably, the viability requirement for Lig3 can be circumvented by targeting Lig1 to the mitochondria or expressing Chlorella virus DNA ligase, the minimal eukaryal nick-sealing enzyme 3 , or Escherichia coli LigA, an NAD 1 -dependent ligase 1 . Lig3-null cells are not sensitive to several DNA-damaging agents that sensitize Xrcc1-deficient cells 4-6 . Our results establish a role for Lig3 in mitochondria, but distinguish it from its interacting protein Xrcc1.
Mammalian cells have three ATP-dependent DNA ligases, which are required for DNA replication and repair 1 . Homologues of ligase I (Lig1) and ligase IV (Lig4) are ubiquitous in Eukarya, whereas ligase III (Lig3), which has nuclear and mitochondrial forms, appears to be restricted to vertebrates. Lig3 is implicated in various DNA repair pathways with its partner protein Xrcc1 (ref. 1). Deletion of Lig3 results in early embryonic lethality in mice, as well as apparent cellular lethality 2 , which has precluded definitive characterization of Lig3 function. Here we used preemptive complementation to determine the viability requirement for Lig3 in mammalian cells and its requirement in DNA repair. Various forms of Lig3 were introduced stably into mouse embryonic stem (mES) cells containing a conditional allele of Lig3 that could be deleted with Cre recombinase. With this approach, we find that the mitochondrial, but not nuclear, Lig3 is required for cellular viability. Although the catalytic function of Lig3 is required, the zinc finger (ZnF) and BRCA1 carboxy (C)-terminal-related (BRCT) domains of Lig3 are not. Remarkably, the viability requirement for Lig3 can be circumvented by targeting Lig1 to the mitochondria or expressing Chlorella virus DNA ligase, the minimal eukaryal nick-sealing enzyme 3 , or Escherichia coli LigA, an NAD 1 -dependent ligase 1 . Lig3-null cells are not sensitive to several DNA-damaging agents that sensitize Xrcc1-deficient cells [4] [5] [6] . Our results establish a role for Lig3 in mitochondria, but distinguish it from its interacting protein Xrcc1.
Biochemical and cell biological experiments implicate the nuclear Lig3-Xrcc1 complex in single-strand break repair, short patch base excision repair and nucleotide excision repair 1 . Lig3 and Xrcc1 interact through carboxy (C)-terminal BRCT domains found in each protein 7 . This interaction is important for the stability of Lig3 (ref. 7) and the recruitment of Lig3 to DNA damage foci 8 . Purified Lig3-Xrcc1 is proficient at nick sealing in vitro 9 , and the complex associates with several other proteins involved in single-strand break repair, including Parp1 (ref. 10), aprataxin and TDP1 (ref. 1).
Lig3 also has a mitochondrial form due to an alternative translation start site, which results in a mitochondrial leader sequence (MLS) 11 . Mammals differ in this respect from budding yeast, where the Lig1 homologue, Cdc9, is the mitochondrial DNA ligase 12 . In mitochondria, Lig3 appears to act independently of Xrcc1, as Xrcc1 is not present in this organelle 13 . Disruption of the Lig3 gene, like Xrcc1, results in early embryonic lethality in the mouse 2,5 , and Lig3-null cell lines could not be established from these animals 2 . The similar timing of lethality of Lig3 and Xrcc1-null embryos suggests that death could result from similar phenotypic consequences related to Lig3 nuclear functions in DNA repair. Alternatively, or in addition, the mitochondrial function of Lig3 may be critical for survival.
To determine whether Lig3 is an essential gene because of its nuclear and/or mitochondrial function, we developed a pre-emptive complementation strategy in mES cells ( Fig. 1a) . A Lig3 KO/cKOneo1 cell line was constructed which contains one conditional Lig3 allele with an intronic Neo selection marker and LoxP sites flanking exons 6 and 14 and a second allele in which these exons were already removed by Cre recombinase ( Fig. 1a and Supplementary Fig. 1 ). These exons encode part of the DNA binding domain and the catalytic core of the protein.
Cre recombinase was expressed in the Lig3 KO/cKOneo1 cells, and 145 clones were replica-plated in media with or without G418. No G418sensitive clones (that is, Lig3 KO/KO ) were obtained ( Fig. 1b) , consistent with the requirement for Lig3 for cellular viability. We then stably integrated transgenes expressing wild-type (WT), mitochondrial or nuclear Lig3; the nuclear (NucLig3) version lacked the MLS, and the mitochondrial (MtLig3) version contained the MLS but was mutated at the nuclear translation initiation site (M88T) ( Fig. 1c and Supplementary Fig. 2 ). Green fluorescent protein (GFP) fusions of these proteins were also tested ( Supplementary Fig. 3a ).
To determine which Lig3 transgenes allow the survival of cells deleted for endogenous Lig3, Cre recombinase was used to transform Lig3 KO/cKOneo1 cells to Lig3 KO/KO cells. A large fraction of the post-Cre clones expressing WT Lig3 or MtLig3 were G418 sensitive (34-50%), whereas no G418-sensitive clones were obtained with NucLig3 ( Fig. 1b and Supplementary Fig. 4 ). We confirmed that G418-sensitive cells were Lig3 KO/KO ( Fig. 1a ) and that endogenous Lig3 was no longer present, with the only Lig3 present in the cells expressed from the transgene ( Fig. 1d ). Thus, cellular viability requires mitochondrial Lig3. To determine whether DNA ligase activity was essential for cell survival, we introduced a K508V mutation that abolishes ligase adenylylation and nick-sealing 1 into MtLig3. No G418-sensitive clones were derived from four independent transgenic cell lines ( Fig. 1b) , demonstrating that the requirement for mitochondrial Lig3 depends on its ligase activity.
BRCT domains are frequently involved in protein-protein interactions, and the BRCT domain of Lig3 is known to interact with Xrcc1 (ref. 7) . However, as Xrcc1 is not found in mitochondria 13 , the role of the BRCT domain for mitochondrial function of Lig3 is uncertain. Loss of the BRCT domain had no effect on the presence of Lig3 in mitochondria (Lig3-DBRCT and MtLig3-DBRCT; Supplementary Fig.  3a and data not shown). Lig3 KO/KO clones expressing Lig3-DBRCT or MtLig3-DBRCT ( Fig. 2a ) were recovered as a substantial fraction of clones (39-49%; Fig. 2b ), indicating that the BRCT domain is not required for viability. Thus, MtLig3 does not have a partner protein bound to its BRCT domain that is essential for its function.
A unique feature of Lig3 compared with the other mammalian DNA ligases is a ZnF at its amino (N) terminus. The Lig3 ZnF interacts with Parp1 (ref. 10) , and this interaction is reported to be important for the association of Lig3 with mitochondrial DNA (mtDNA) 14 . Biochemical studies have shown that the ZnF promotes DNA nick recognition 15 and intermolecular ligation 16 . Nonetheless, Lig3 KO/KO clones expressing Lig3-DZnF or MtLig3-DZnF ( Fig. 2a ) were efficiently recovered after Cre expression (37-38%; Fig. 2b ).
Our results reveal that the catalytic activity of Lig3 is critical for cell survival, but that the ZnF and BRCT domains, which interact with various proteins, are dispensable, raising the question whether Lig3 itself is critical for mitochondrial function, or whether another DNA ligase would substitute. As the Lig1 homologue in yeast provides mitochondrial ligase function 12 , we provided an MLS to murine Lig1 ( Fig. 2a ). GFP-tagged MtLig1, but not WT Lig1, was localized to mitochondria ( Supplementary Fig. 3c ), as expected. Stable Lig3 KO/cKOneo1 cell lines expressing MtLig1, but not WT Lig1, could be efficiently converted to Lig3 KO/KO (35%; Fig. 2b ). MtLig1 Lig3 KO/KO clones were devoid of Lig3, and expressed instead a larger Lig1 protein due to the GFP tag ( Fig. 3a) . Thus, targeting Lig1 to mitochondria circumvents the viability requirement for Lig3, allowing the creation of Lig3-null cells. In this way, the DNA ligase repertoire of mammalian cells is converted to that of yeast.
Given that ZnF and BRCT-truncated forms of Lig3 and MtLig1 could rescue Lig3 KO/KO cells, we investigated their proficiency in mtDNA maintenance and repair. The mtDNA copy number was maintained as well (or better) in these cell lines than in WT Lig3expressing cells ( Fig. 2c ), indicating that cells expressing these altered ligases are competent to replicate their mtDNA during continued passage. A long-range quantitative PCR (qPCR) assay 17 c, Cells expressing exogenous DNA ligases are competent to replicate and maintain mtDNA. mtDNA copy number was quantified by qPCR by amplifying a 117 base pair (bp) fragment from mtDNA. Values are presented relative to levels of mtDNA in Lig3 KO/KO ; Lig3 GFP Tg cells. Data represent the mean of two biological repeats each determined twice by qPCR 6 s.e.m. d, Cells expressing exogenous DNA ligases showed similar capacities for mtDNA repair after oxidative damage. Cells were treated with 175 mM hydrogen peroxide for 15 min and allowed to recover for 1.5 h. To measure repair, a 10-kb mtDNA fragment was amplified after damage and quantified by qPCR. Values were normalized to the amplification of a 117-bp mtDNA fragment. Percentage repair is 1 minus the amount of damage remaining after 1.5 h recovery divided by the initial damage. There was no significant difference between cell lines expressing WT Lig3 (parental cells and transgene-rescued cells) and the other ligase forms. For cells expressing MitLig1-DNLS and MtChVLig, two transgenic cell lines were analysed. Data represent the mean of two to four determinations on multiple clones with each qPCR performed twice 6 s.e.m.
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to assess the mitochondrial base excision repair capacity of these cells in response to oxidative damage, and these altered ligases were similarly proficient in repairing mtDNA lesions compared with WT Lig3-expressing cells (Fig. 2d) .
At 298 amino acids, Chlorella virus DNA ligase (ChVLig) is the smallest eukaryal ligase known, consisting solely of a catalytic core 3 . We expressed ChVLig and a modified form containing an MLS, MtChVLig (Fig. 2a) , and found that expression of either allowed deletion of Lig3 from the mouse genome (Fig. 2b) . It is conceivable that ChVLig contains an internal sequence that allows translocation into mitochondria 18 . Thus, a minimal ATP-dependent ligase, devoid of auxiliary domains, rescues the survival of Lig3-null mammalian cells. Further, Lig3-null cells rescued by MtChVLig were proficient at mtDNA maintenance ( Fig. 2c ) and repair (Fig. 2d) .
Whereas ATP-dependent ligases are widespread, ligases that use NAD 1 as a cofactor are usually restricted to bacteria 1 . E. coli DNA ligase, LigA, is NAD 1 dependent and has a distinctive domain organization compared with mammalian ligases 1 . LigA and a modified form with an MLS (Fig. 2a) were expressed from transgenes, and like ChVLig, both forms were found to allow the survival of Lig3-null cells (Fig. 2b) . Hence, there is no essential functional distinction between NAD 1 and ATP-dependent ligases in the mammalian mitochondria, akin to swaps of NAD 1 and ATP-dependent ligases performed in bacteria 19 and yeast 20 .
We demonstrated that nuclear Lig3 is not required for cell survival, as MtLig1 Lig3 KO/KO cells are null for Lig3. To impair nuclear localization of MtLig1, we removed the Lig1 nuclear localization signal, creating MtLig1-DNLS Lig3 KO/KO cells (Fig. 2a, b and Supplementary  Fig. 3c ). MtLig1-DNLS, like MtLig1, was expressed at a substantially lower level than endogenous Lig1 (Fig. 3a) . As a complementary approach, we also created Lig3 KO/KO cells expressing MtLig3-DBRCT-NES, whose interaction with Xrcc1 is abrogated and which is excluded from the nucleus by addition of a potent nuclear export signal (NES) 21 (Figs 2a, b and 3a and Supplementary Fig. 3b ).
To assess the nuclear role of Lig3, we tested the sensitivity of Lig3null (Lig3 KO/KO ; MtLig1-DNLS) and nuclear Lig3-deficient (Lig3 KO/KO ; MtLig3-DBRCT-NES) cells to a variety of DNA-damaging agents. Xrcc1-deficient cells are highly sensitive to alkylating agents like methyl methanesulphonate [4] [5] [6] . If the interaction of Xrcc1 with Lig3 is relevant to base excision repair, cells without nuclear Lig3 would also be expected to be sensitive to methyl methanesulphonate; however, we found that these cells were no more sensitive than transgenic cells expressing WT Lig3 (Fig. 3b ) or the parental cells ( Supplementary  Fig. 5 ). Xrcc1-deficient cells are also sensitive to agents that produce DNA single-and double-strand breaks, including hydrogen peroxide and ionizing radiation [4] [5] [6] , and to ultraviolet radiation 22 . By contrast, we found that cells without nuclear Lig3 were not any more sensitive to these agents than control cells (Fig. 3c-e and Supplementary Fig. 5 ).
Thus, Lig3 appears to be dispensable for nuclear DNA damage repair that requires Xrcc1. Finally, we tested sensitivity to Parp inhibition, which causes the accumulation of single-strand breaks 23 , and found that nuclear Lig3 was also not required for resistance of cells to Parp inhibition (Fig. 3f) .
As the ZnF domain of Lig3 has been reported to be critical for its intermolecular ligation activity 16 , we also investigated whether deletion of this domain in the context of an otherwise WT Lig3 would impair resistance of cells to ionizing radiation. As with the other mutants, Lig3-DZnF Lig3 KO/KO cells were no more sensitive than control cells (Fig. 3e ).
Xrcc1-deficient cells are notable for their high rate of spontaneous sister-chromatid exchange (SCE): both mouse and hamster Xrcc1 mutants have approximately tenfold higher SCE levels than control cells 4, 5 . We examined spontaneous SCEs in MtLig1 Lig3 KO/KO cells and found levels similar to control cells (Fig. 3g ). Thus, the high level of SCEs found with Xrcc1 deficiency is not recapitulated with Lig3 deficiency.
The lack of Lig3 in many model organisms has limited their use to study its function. In mouse, disruption of any of the DNA ligase genes leads to embryonic death, but the most severe phenotype occurs with Lig3 disruption 2, 24, 25 . Lig1 has been considered to be the replicative ligase 1, 26 , but the earlier death associated with Lig3 disruption, together with the inability to obtain viable Lig3-null cells, left open the possibility that Lig3 could have a critical role in nuclear DNA metabolism. The generation of viable and healthy Lig3-null cells by providing a mitochondrial ligase conclusively rules out an essential role for Lig3 in the nucleus.
The well-documented interaction between Lig3 and Xrcc1 had suggested that Lig3 would be critical for the same nuclear DNA repair pathways as Xrcc1, similar to the Lig4-Xrcc4 complex in DSB repair 1 . However, the lack of sensitivity of Lig3-null cells to the spectrum of DNA-damaging agents that sensitize Xrcc1-deficient cells, as shown here in proliferating cells and in the accompanying paper in quiescent cells 27 , together with a normal SCE frequency, provides strong evidence that Lig3 is not required for Xrcc1-dependent nuclear DNA repair, pointing instead to a role for Lig1. 
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Our results demonstrate instead that Lig3 is an essential gene because of its requirement in mitochondria. However, Lig3 can be replaced in mitochondria with Lig1, the mitochondrial ligase in lower eukaryotes, with an algal viral ligase consisting solely of a catalytic core, and even the NAD 1 -dependent E. coli LigA. Thus, these results attest to the requirement for a functional DNA ligase, which trumps even cofactor specificity. Why vertebrates developed a requirement for Lig3 is uncertain, but given our results, the additional domains found in Lig3 do not appear to be essential for mitochondrial function, including mtDNA maintenance or repair of oxidative damage. These results emphasize a surprising plasticity that mammalian cells have in their mitochondrial DNA ligase requirement.
METHODS SUMMARY
Cell culture. To construct stable cell lines expressing various DNA ligases, 5 3 10 6 Lig3 KO/cKOneo1 cells were electroporated with 12 mg ligase expression vector at 800 V, 3 mF. Hygromycin-resistant clones were picked after incubation for 10 days in 150 mg ml 21 hygromycin. Initial screening for exogenous ligase expression was performed by PCR with reverse transcription (RT-PCR) using specific primers, followed by western blotting. For deletion of the endogenous Lig3 allele, 5 3 10 6 cells were electroporated with 5 mg Cre recombinase vector at 250 V, 950 mF. Cells were plated based on a serial dilution. After 7 days, colonies were picked and expanded, and then replica plated into two 96-well plates. One plate was cultured with 200 mg ml 21 G418, whereas the other plate was cultured in normal media. Clones that did not grow in G418, but grew in normal media, have converted the Lig3 cKOneo1 allele to a Lig3 KO allele. The genotype of these clones was confirmed by PCR. Western blotting. Whole-cell extracts were prepared with Nonidet-P40 buffer and were run on a 7.5% (w/v) Tris-HCl SDS page gel, blotted and then probed with Lig3 antibody clone 7 (BD Transduction Labs), which recognizes both the human and mouse Lig3 proteins, or Lig1 antibody N-13 (Santa Cruz). a-Tubulin (Sigma) was used as a loading control.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
